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Completing the Holy Trinity 
• Scale hierarchy possible only in theory that can be 

calculated over many magnitudes of energy 

   Renormalizable 

• Theorem: (1) vectors (2) fermions (3) scalars 

• Need to specify: 

(1) group (2) representations (3) symmetry breaking 

(1) = SU(3) × SU(2) × U(1) [so far] 

(2) = Singlets + doublets + triplets 

• Finally: 

(3) A scalar, mechanism of symmetry breaking 

Cornwall, Levin & Tiktopoulos; 

Bell; Llewellyn-Smith 



Scalars Come of Age 

• A new boson discovered at the LHC 

– A scalar, beyond any reasonable doubt 

– Consistent with the Higgs of the Standard Model 

• Circumstantial evidence for scalar inflaton 

– Ω ~ 1, tilt in spectrum of scalar perturbations, … 

– No sign of non-Gaussianity, strings, defects, … 

• Data compatible with Starobinsky (R + R2) model 

• Similar predictions in Higgs inflation: BUT MH? 

• Also consistent with simplest Wess-Zumino model 

• No-scale supergravity with WZ = Starobinsky! 



The Higgs boson is just one of the objectives of the LHC 

The Quest for the Higgs Boson 



 

 

 

 

 

 

Unofficial Combination of Higgs Search 

Data from March 6th 

 

Is this the 

Higgs Boson? 

M = 125.6 ± 0.3 GeV 

No Higgs here! No 

Higgs 

here! 



Couples like Higgs of Standard Model 

 

 

 

 

 

 

 

• No indication of any significant deviation from 

the Standard Model predictions JE & Tevong You, arXiv:1303.3879 



The Particle Higgsaw Puzzle 

Is LHC finding the missing piece? 

Is it the right shape? 

Is it the right size? 

 



What is it ? 
• Does it have spin 0 or 2? 

 

• Is it scalar or pseudoscalar? 

 

• Is it elementary or composite? 

 

• Does it couple to particle masses? 

 

• Quantum (loop) corrections? 

 

• What are its self-couplings? 



Does the ‘Higgs’ have Spin Two ? 

• Discriminate spin 2 vs spin 0 via angular 

distribution of decays into γγ JE & Hwang: arXiv:1202.6660 

JE, Fok, Hwang, Sanz & You: arXiv:1210.5229 

Monte Carlo 

simulations 

2+ disfavoured @ 

99% 



 

 

 

 

 

 

 

• Pseudoscalar 0- disfavoured at > 99% CL 

The ‘Higgs’ is probably a scalar 



Global Analysis of Higgs-like Models 

• Rescale couplings: to bosons by a, to fermions by c 

 

 

 

 

 

 

 

• Standard Model: a = c = 1 JE & Tevong You, arXiv:1303.3879 

b bbar τ τ γ γ W W Z Z Global 

 No evidence for 

deviation from SM 



It Walks and Quacks like a Higgs 

• Do couplings scale ~ mass? With scale = v? 

 

 

 

 

 

 

 

• Red line = SM, dashed line = best fit 
JE & Tevong You, arXiv:1303.3879 

Global 

fit 



Loop Corrections ? 

• ATLAS sees excess in γγ, CMS sees deficit 

 

 

 

 

 

 

 

• Loop diagrams ~ Standard Model? 
JE & Tevong You,  arXiv:1303.3879 



What is it ? Beyond any Reasonable Doubt 

• Does it have spin 0 or 2? 

– Simple spin 2 couplings excluded 

• Is it scalar or pseudoscalar? 

– Pseudoscalar strongly disfavoured 

• Is it elementary or composite? 

– No significant deviations from Standard Model 

• Does it couple to particle masses? 

– Prima facie evidence that it does 

• Quantum (loop) corrections? 

– γγ coupling > Standard Model? 

• What are its self-couplings? Hi-lumi LHC or …? 



What else is there? 

Supersymmetry 
• Successful prediction for Higgs mass 

– Should be < 130 GeV in simple models 

• Successful predictions for couplings 

– Should be within few % of SM values 

 

 



Cosmological Inflation in Light of Planck 

 

 

 

 

 

 

 
• A scalar in the sky? Higgs? Supersymmetry? 



Inflationary Models in Light of Planck 

• Planck CMB observations consistent with inflation 

• Tilted scalar perturbation spectrum: 

   ns = 0.9603 ± 0.073 

• BUT strengthen upper limit on tensor 

perturbations: r < 0.10 

• Challenge for monomial 

 inflationary models 

• Starobinsky R2? Higgs? 

• Wess-Zumino to rescue? 

 

Croon, JE & Mavromatos: arXiv:1303.6253 



Starobinsky Model 

• Non-minimal general relativity (singularity-free 

cosmology): 

• No scalar!? 

• Inflationary interpretation, calculation of 

perturbations: 

 

• Conformally equivalent to scalar field model: 

 

 

Starobinsky, 1980 

Mukhanov & Chibisov, 1981 

Whitt, 1984 



Higgs Inflation: a Single Scalar? 

• Standard Model with non-minimal coupling to 

gravity: 

 

 

• Consider case          : in Einstein frame 

 
• With potential: 

Similar to Starobinsky, but not identical 

• Successful inflationary potential at  

 

Bezrukov & Shaposhnikov, arXiv:0710.3755 



Higgs Inflation: a Single Scalar? 

• Successful inflation for 

 

 

 

 
 

• BUT: 

– Need to take into account ≥ 2-loop corrections 

– Requires λ  > 0 beyond MP: need MH > 127 GeV? 

– Question of naturalness 

 

Bezrukov & Shaposhnikov, arXiv:0710.3755 



Higgs Inflation vs the LHC 

• Effective Higgs potential quartic parameter λ: 

 λ > 0 at low scale 

• Higgs inflation needs 

 λ > 0 beyond MP 

• BUT: renormalization  

   by t quark drives λ < 0 

 at some scale Λ 

• λ probably < 0 @ MP → vacuum unstable 

• Vacuum could be stabilized by Supersymmetry 
Degrassi, Di Vita, Elias-Miro, Giudice, Isodori & Strumia, arXiv:1205.6497 

 



Effective Potential in Single-Field Model 

• Consider single real field with double-well 

potential: 

• Shallower than φ2 for  

  0 < φ < v 

• Better tensor-to-scalar 

 ratio r for 0 < φ < v 

• Steeper than φ2 for  

 φ < 0 or > v: worse r 

 

Good 

inflation 

Croon, JE & Mavromatos: arXiv:1303.6253 



Inflation Cries out for Supersymmetry  

• Want “elementary” scalar field 

 (at least looks elementary at energies << MP) 

• To get right magnitude of perturbations 

• Prefer mass << MP 

 (~ 1013 GeV in simple φ2 models) 

• And/or prefer small self-coupling λ << 1 

• Both technically natural with supersymmetry 

 JE, Nanopoulos, Olive,  & Tamvakis: 1983 



Effective Potential in Wess-Zumino Model 

 

 

• Effective potential: 

• Equivalent to single-field 

      model for θ = 0 (good) 

• Combination of φ2 + φ4  

      for θ = π/2 (no good) 

• Good inflation for  

 suitable μ, λ 

 

Good 

inflation 

Croon, JE & Mavromatos: arXiv:1303.6253 



Croon, JE & Mavromatos: arXiv:1303.6253 

Wess-Zumino Inflation in Light of Planck 

• Consistent with Planck for xi = 0.3, 0.4 

 

 

 

 

 

 

• Numbers calculated for N = 50 e-folds 

 

Good 

inflation 



Wess-Zumino Inflation in Light of Planck 

• Consistent with Planck for xi = 0.2, 0.3, 0.4 

ϕ4  

ϕ2  

WZ: 0.2  

ϕ 
 WZ: 0.3  

 WZ: 0.4 
ϕ2/3  

Croon, JE, Mavromatos: arXiv:1303.6253 



No-Scale Supergravity Inflation 

• The only good symmetry is a local symmetry 

• Early Universe cosmology needs gravity 

• Supergravity 

• BUT: potentials in generic supergravity models 

have potential ‘holes’ with depths ~ – MP
4 

• Exception: no-scale supergravity 

– Appears in compactifications of string 

– Flat directions, scalar potential ~ global model + 

controlled corrections 



No-Scale Supergravity Inflation 

• Simplest SU(2,1)/U(1) example: 

• Kähler potential: 

• Superpotential: 

• Assume modulus T = c/2 fixed by ‘string 

dynamics’ 

• Effective Lagrangian for inflaton:  

          : 

• Modifications to globally supersymmetric case 

• Good inflation possible … 
JE, Nanopoulos & Olive, arXiv:1305.1247 



No-Scale Supergravity Inflation 

• In terms of canonical field χ: 

 

 

• Define       ,          , choose 

 

 

 

• Dynamics prefers y = 0:       

JE, Nanopoulos & Olive, arXiv:1305.1247 

    



No-Scale Supergravity Inflation 

• Inflationary potential for  

JE, Nanopoulos & Olive, arXiv:1305.1247 

Similar to global case 

Special case 



No-Scale Supergravity Inflation 

• Good inflation for  

Looks like Starobinsky R2 model 

JE, Nanopoulos & Olive, arXiv:1305.1247 



If it looks and smells like Starobinsky … 

• Starobinsky model: 
 

 

• After conformal transformation: 

 
 

• Effective potential: 

• Identical with the no-scale Wess-Zumino model 

for the case 

   … it actually IS Starobinsky 

 
JE, Nanopoulos & Olive, arXiv:1305.1247 

Is there some profound connection? 

 



Summary 

• The dawn of the scalar era: 

– A Higgs boson at the LHC 

– A cosmological inflaton (?) 

• Both would welcome supersymmetry 

– Hierarchy, mass and couplings of Higgs 

– Planck  Wess-Zumino inflationary model 

• It seems that we must learn to live with (fairly) 

elementary scalar fields 

• Can supersymmetry be far behind? 



Conversation with Mrs Thatcher: 1982 

What do you do? 

Think of things for the 

experiments to look 

for, and hope they find 

something different 

Wouldn’t it be 

better if they 

found what 

you predicted? 

Then we would not 

know how to proceed! 



Basic Inflationary Formulae 

• Strength of perturbations: 

 

• Slow-roll parameters: 

 

• Tilt of scalar perturbations: 

• Tensor-to-scalar ratio: 

• Number of e-folds: 



Cosmological Inflation in Light of Planck 

• Planck CMB observations consistent with inflation 

 

 

 

 

 

 

• Small tilt in spectrum of scalar perturbations 

• No hint of non-Gaussianity, strings … 

 



The Seminal Papers 

The only one 

who mentioned a 

massive scalar boson 



The Higgs Boson 

• Higgs pointed out a massive scalar boson 

 

 

• “… an essential feature of [this] type of theory 

… is the prediction of incomplete multiplets of 

vector and scalar bosons” 

• Englert, Brout, Guralnik, Hagen & Kibble did 

not comment on its existence 

• Discussed in detail by Higgs in 1966 paper 



A Phenomenological Profile  

of the Higgs Boson 

• First attempt at systematic survey 



2011: Combining Information from 

Previous Direct Searches and Indirect Data 

mH = 125 ± 10 GeV Gfitter collaboration 


